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a11h1 constitutes the most recent addition to the integrin family and has been shown to display a binding preference for interstitial
collagens found in mesenchymal tissues. We have previously observed that when a11h1 integrin is expressed in cells lacking endogenous
collagen receptors, it can mediate PDGF-BB-dependent chemotaxis on collagen I in vitro. To determine in which cells PDGF and a11h1 might
cooperate in regulating cell migration in vivo, we studied in detail the expression and distribution of a11 integrin chain in mouse embryos and
tested the ability of PDGF isoforms to stimulate the a11h1-mediated cell migration of embryonic fibroblasts.
Full-length mouse a11 cDNAwas sequenced and antibodies were raised to deduced a11 integrin amino acid sequence. In the embryonic
mouse head, a11 protein and RNAwere localized to ectomesenchymally derived cells. In the periodontal ligament, a11h1 was expressed as
the only detectable collagen-binding integrin, and a11h1 is thus a major receptor for cell migration and matrix organization in this cell
population. In the remainder of the embryo, the a11 chain was expressed in a subset of mesenchymal cells including tendon/ligament
fibroblasts, perichondrial cells, and intestinal villi fibroblasts. Most of the a11-expressing cells also expressed the a2 integrin chain, but no
detectable overlap was found with the a1 integrin chain. In cells expressing multiple collagen receptors, these might function to promote a
more stable cell adhesion and render the cells more resistant to chemotactic stimuli.
Wild-type embryonic fibroblasts activated mainly the PDGF h receptor in response to PDGF-BB and migrated on collagens I, II, III, IV, V,
and XI in response to PDGF-BB in vitro, whereas mutant fibroblasts that lacked a11h1 in their collagen receptor repertoire showed a stronger
chemotactic response on collagens when stimulated with PDGF-BB. In the cellular context of embryonic fibroblasts, a11h1 is thus anti-
migratory.
We speculate that the PDGF BB-dependent cell migration of mesenchymal cells is tightly regulated by the collagen receptor repertoire, and
disturbances of this repertoire might lead to unregulated cell migration that could affect normal embryonic development and tissue structure.
D 2004 Elsevier Inc. All rights reserved.Keywords: a11h1 integrin; Immunohistochemistry; In situ hybridization; Mouse embryogenesis; Cell migration
Introduction example, different types of fibroblasts, odontoblasts, chon-During the evolution of vertebrates, several new cell types
and tissues have developed. Invertebrates lack an endoskel-
eton, whereas vertebrates contain the structurally important
interstitial collagens in tissues such as tendons, cartilage,
teeth, and bone. In these tissues, mesenchymal cells, for0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: donald.gullberg@biomed.uib.no (D. Gullberg).drocytes, and osteoblasts, produce specific combinations of
different collagens to create tissue-specific structural sup-
ports. In tissue remodeling events during embryogenesis and
tissue repair, the mesenchymal cells need to migrate to reach
the correct location and to be able to remodel the extracel-
lular matrix. The contribution of collagen-binding receptors
to these migratory and remodulatory processes in vivo is
largely unknown.
Integrins constitute a large family of ah heterodimeric cell
adhesion receptors with a wide variety of biological func-
tions. All nucleated cells in the body contain a specific set-up
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18 a chains and 8 h subunits which are able to combine into
24 different receptors (Gullberg and Lundgren-A˚kerlund,
2002). An inserted, interactive (I) domain was first described
in a subset of integrin a chains, but recently, the presence of
an I domain in the h subunit has also been confirmed (Xiong
et al., 2001). Integrins can thus be grouped according to
whether they contain one I domain (i.e., only in the h subunit)
or two I domains (i.e., in both a and h subunit). Nine of the 24
integrins contain two I domains, including the subgroup of
the collagen-binding integrins a1h1, a2h1, a10h1 (Camper
et al., 1998), and a11h1 (Velling et al., 1999). A common
structural motif in collagen-binding integrins is the presence
of an aC helix in the aI domain (Emsley et al., 1997).
Concomitant with the evolution of vertebrate-specific struc-
tures rich in fibrillar collagens, the integrin family has
diversified to include collagen-binding integrins (Hynes
and Zhao, 2000).
Whereas a1h1 displays a higher affinity for collagen IV,
a2h1 prefers collagen I over collagen IV (Dickeson et al.,
1999; Kern et al., 1994; Tuckwell et al., 1996). In addition to
collagen ligands, a2h1 has recently been shown to bind the
small proteoglycan decorin (Guidetti et al., 2002) and the
cell–cell adhesion molecule E-cadherin (Whittard et al.,
2002). Both a1h1 and a2h1 also bind to laminins although
with an apparent lower affinity (Pfaff et al., 1994).
Sequence and gene comparisons have revealed that a1
and a2 are related and most likely have arisen through a gene
duplication event. Similarly, a10 and a11 show the highest
sequence identity within the subfamily of collagen-binding
integrins. Recent studies of collagen specificity however
indicate that a1 and a10 show a similar preference for
collagen IV and collagen VI, whereas a2 and a11 prefer
the fibrillar collagen I over the network forming collagens
(Tulla et al., 2001; Zhang et al., 2003). Thus, a second
grouping based on collagen-binding specificities can be
made where a1 and a10 are distinct from a2 and a11 with
respect to ligand binding.
In addition to different ligand specificities, collagen-
binding integrins also use different signaling mechanisms
to affect cellular activities. a1h1 regulates cell proliferation
dependent on fyn/Shc (Wary et al., 1996), whereas multiple
reports indicate that a2h1 regulation of the MAPK cascade
is independent of fyn/Shc (Heino, 2000; Ravanti et al.,
1999).
For the past decade, the studies of the biological
importance of cell–collagen interactions have focused on
the collagen-binding integrins a1h1 and a2h1. These
studies have shown that a1h1 is expressed in a wide
variety of cells including fibroblasts, smooth muscle cells,
and capillary endothelium (Duband et al., 1992; Gardner et
al., 1996). a2h1 integrin is expressed in fibroblasts, capil-
lary endothelia and in a variety of epithelia (Wu and
Santoro, 1994). In comparison with a1h1 and a2h1
expression, the two new members a10h1 and a11h1 show
high levels of expression in more restricted cell populationsof mesenchymal origin, largely confined to the skeletal
system (Camper et al., 2001; Tiger et al., 2001). a10h1 is
expressed in human and mouse chondrocytes and studies in
mouse tissues have also identified a restricted set of
fibroblasts present in tissue capsules and myotendinous
junctions which express a10 (Camper et al., 2001). a11
is expressed in human embryos in the perichondrium
throughout the embryo, in intervertebral discs, and in
cornea (Tiger et al., 2001).
Studies of mice deficient in a1 have confirmed a role of
a1h1 in the regulation of skin fibroblasts proliferation and
collagen synthesis (Gardner et al., 1999). Mice deficient in
a2h1 show minor defects in branching mammary epithelium
(Chen et al., 2002) and defects in platelet adhesion to
monomeric collagen I in vitro (Chen et al., 2002; Holtkotter
et al., 2002) and in vivo (Gruner et al., 2003; He et al., 2003).
Due to their recent discovery, little is known about the
signaling and biological functions of a10h1 and a11h1.
We have previously determined that a11h1 is a collagen
receptor that can confer the ability of cells to adhere to
collagen, and in a PDGF BB-dependent manner, stimulate
cell migration on collagen I (Tiger et al., 2001). However,
these experiments were performed by overexpressing of the
a11 chain in a cell line lacking endogenous collagen recep-
tors, and it is not known whether PDGF can stimulate
a11h1-mediated cell migration in vivo. In the current study,
we characterized in detail a11 RNA and protein expression
and compared the expression with other collagen-binding
integrin chains. We found that most embryonic mesenchy-
mal cells expressing the a11 chain also expressed the a2
integrin chain. Cell migration of mouse embryonic fibro-
blasts on various collagens was stimulated by PDGF-BB but
not by PDGF-AA. Furthermore, cell migration in vitro was
potentiated when the collagen receptor repertoire was de-
pleted of a11h1, indicating that a11h1 regulates controlled
cell migration in vivo. Analysis of a11 expression in
embryonic tissues identified different populations of mesen-
chymal cells with different repertoires of collagen receptors.
We speculate that depending on the collagen receptor reper-
toire, a11h1 may be promigratory (Tiger et al., 2001) or anti-
migratory (this study) during embryogenesis and in matrix
remodeling events.Materials and methods
Characterization of mouse a11 cDNA
Mouse a11 cDNAwas identified by two major strategies:
homology PCR using the human a11 cDNA sequence for
primer design, and sequencing/PCR verification based on
mouse EST clones.
For homology PCR, mouse embryonic day 15 (E15)
cDNA (Clontech) and adult testis cDNA were used as
templates for the amplification of mouse a11 cDNA. Using
this approach, mouse a11 cDNA covering exons 7–10, 9–
S.N. Popova et al. / Developmental22, 19–22, and 24–28, corresponding to nucleotides 806–
3059 was amplified and sequenced. The final nucleotide
assembly was based on the compiled sequence from the 5V
EST clone (RIKEN full-length enriched, clone E333001
3I08) and the 3V EST clone (IMAGE:5328256). The RIKEN
EST clone was ordered from RIKEN and sequenced. The
insert was shown to be 3.4 kb, terminating before the region
encoding the transmembrane domain of a11. The 5VEST
extended into the 3V EST clone that covered the remainder of
the coding sequence.
For verification of the 3V-EST clone, primers were
designed as follows: forward primer 5V cagttccacagcccctt-
catcttccgag 3V; reverse primer 5V ggggtctatcgggagaagg-
gatgctttg 3V. As a template, cDNA was generated from 1
Ag of total testis RNA using a OneStep RT-PCR kit (Invi-
trogen) and the specific primers. Total RNA from wild-type
(wt) mouse testis was isolated using TRIzol Reagent (Gib-
coBRL) according to the manufacturer’s instructions. The
RT-PCR included incubation at 55jC for 30 min for first
strand cDNA synthesis, predenaturation at 95jC for 2 min,
followed by 30 cycles of: 95jC, 15s; 63jC, 30s; 72jC, 1
min; and final extension at 72jC for 5 min. A 725-bp long
product was obtained, separated on a 1% agarose gel, and
purified using a Gel Purifying Kit (Qiagen). DNA was
sequenced on both strands using an ABI 310 Genetic
Analyser automatic sequencer.
Mice and tissues
C57Bl6 mice were used for the present study. Females
and males were mated and checked for plugs early the
following morning. The day of plug appearance was
counted as E 0.5. Whole embryos from E12.5, E14.5, and
E16.5 were isolated from uterus and rinsed in cold phos-
phate-buffered saline (PBS). Embryos were embedded in
Tissue-Tek and immediately frozen in liquid nitrogen be-
fore being stored at 70jC. Section (6 Am thick) were cut
and collected on SuperFrost Plus microscope slides (Men-
zel-Glaser) and allowed to dry before being stored at
70jC prior to use. PDGF-AA wild-type (WT) and knock-
out (KO) were obtained from heterozygous crosses (Bos-
trom et al., 1996).
Cells
Embryonic fibroblasts (EF) were obtained from wild-
type and a11-deficient E14.5 embryos according to Li et al.
(1992). The a11-deficient embryos were obtained by ho-
mologous recombination disrupting the open reading frame
in exon 3 (Popova et al in preparation). Embryo tails were
cut and genotyped by PCR. Cells were cultured at 37jC in
Dulbecco’s modified eagle’s medium (DMEM), supple-
mented with 10% fetal bovine serum (FBS), and antibiotics
(Statens Veterina¨rmedicinska Anstalt (SVA), Uppsala). The
cells were grown to subconfluency and passaged every 3 to
4 days.Northern blotting
A Northern Blot containing poly-A RNA from mouse
embryos of different ages (Clontech) was hybridized at 68jC
in ExpressHyb solution (Clontech). The probes used were a
0.95-kb fragment from human a11 cDNA (nt-37-917) (Vel-
ling et al., 1999) and a 1.8-kb cDNA clone recognizing
human h-actin (from Clontech). A dot blot containing poly-
A RNA from mouse embryos of different ages (Clontech)
was hybridized at 68jC in UltraHyb solution (Ambion) with
an RNA probe corresponding to exons 15–22 of mouse a11
cDNA and a 1.8-kb cDNA clone recognizing human h-actin
(Clontech). To prepare the a11-specific RNA probe, a 654-
bp (nt 2131–2785) cDNA fragment was PCR amplified
using site-specific primers and cloned into a pBluescript II
SK () vector. The recombinant plasmid was linearized with
HindIII to achieve transcription of the antisense template.
Antisense probe was then generated by in vitro transcription
using T3 RNA-polymerase (MaxiScript, Ambion) according
to the manufacturer’s instructions.
In situ hybridization
RNA probe used for in situ hybridization was the same as
for dot blot hybridization. To obtain sense template recom-
binant plasmid was linearized with BamHI endonuclease and
T7 RNA polymerase was used in the in vitro transcription
reaction. Hybridization was performed overnight at 56jC
using 30000 cpm/Al [35S]UTP-labeled sense or antisense
probe in 50% formamide, 10% dextran sulfate, 0,3 M
dithiotreitol (DTT), 0.5 mg/ml yeast RNA, 1.0 mg/ml
salmon sperm DNA, 2.0 mg/ml bovine serum albumin
(BSA), and 10 mM vanadyl ribonucleoside. Slides were
washed twice in 2 standard saline citrate (SSC), 50%
formamide, 10 mM DTT at 56jC followed by a final wash
in 2 SSC at room temperature. The slides were treated with
RNAase A (100 Ag/ml) at 37jC for 30 min, washed,
dehydrated, dried, and coated with Kodak NTB2 emulsion.
Slides were developed in Kodak D-19 developer after 6 and
8 weeks, stained with Mayer’s Hematoxylin, and photo-
graphed using a Zeiss microscope (Axioplan 2) using a
digital AxioCam camera.
Immunohistochemistry
Rabbit antibodies to a peptide derived from a sequence in
the cytoplasmic tail of mouse a11 integrin (CKREPGLG-
PIPKELK) were raised as described previously (Velling et
al., 1999).
The following primary antibodies were used for immu-
nohistochemistry: Armenian hamster anti-a1 integrin anti-
bodies (Ha 31/2, diluted 1:100, from BD Pharmingen (cat
#550568)), a mixture of three monoclonal rat antibodies to
mouse a2 (diluted 1:500), obtained from Emfret Analytics
(Wuerzburg, Germany), rat anti-PDGF a-receptor (APA 5
(Takakura et al., 1997) diluted 1:200, from Dr. Nobuyuki
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Table 1
Integrin
subunit
Primers sequence
(forward and reverse)
cDNA
localization
(nt)
Product
length
(bp)
a1 5V-CGA TGA CGC TCT
GCC AAA CT-3V
2434–3046 634
5V-CCG AAG TTC TGG
CAT TGG GA-3V
a2 5V-GCA CCA CAT TAG
CAT ACA GA-3V
2320–2892 592
5V-GGC ATC ATA CAG
GAG AGG AA-3V
a10 5V-CTGCTGAGGCTGGTTCACA-3V 3192–3498 306
5V-GCTCCAACTTCTCCTCACTTTCT-3V
a11 5V-CCG CCT TCC TCT GCT
TCA TAC CCA T-3V
2131–2785 654
5V-GCC GCC TCT CCT CGT TCA
CAC ACT C-3V
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Japan), anti-laminin h1/g1 antibodies (clone 4C12.8, Immu-
notech, Marseille, France), rabbit anti-fibullin-2 (diluted
1:800, obtained from R. Timpl, Max-Plank Institute for
Biochemistry, Germany), rat anti-tenascin-C Moab (obtained
from P. Ekblom, Lund University, Sweden).
The staining procedure was carried out as follows: sec-
tions were fixed in acetone for 8 min at 20jC and
rehydrated in PBS. Non-specific binding sites were blocked
with 10% goat serum (SVA) in PBS for 1 h at 37jC, sections
were incubated with primary antibodies for 1 h at 37jC,
washed three times 10 min in PBT (PBS + 0.05%Tween-20),
incubated with secondary antibodies (goat anti-rabbit Cy3 or
Cy2, goat anti-rat Cy2, goat anti-hamster Cy2 (Jackson
ImmunoResearch Laboratories, all multiple labeling grade)
used at dilutions 1:800 and 1:50 (for Cy3 and Cy2, respec-
tively) for 1 h at 37jC, washed as above and mounted in
Vectashield Mounting Medium (Vector Laboratories).
Stained sections were visualized under a Zeiss light micro-
scope (Axioplan 2) equipped with optics for observing
fluorescence and captured using digital AxioCam camera.
RT-PCR
For dissection of the periodontal ligament, the upper and
lower jaws of adult mice were excised and frozen at 80jC,
the jaws were thawed in RNAlater (Ambion), after which, the
incisors were carefully dissected out in a small volume of
RNAlater. PDL was scraped from the teeth with a scalpel,
avoiding contamination with pulpal tissue and stored at
80jC. Total RNA from the PDL was isolated using QIA-
GEN RNeasy Mikro Kit. Total RNA from SV40 immortal-
ized wild-type and a11 knockout mouse embryonic
fibroblasts was isolated using QIAGEN RNeasy Mini Kit
according to the manufacturer’s instructions. cDNA was
generated from 1 Ag of total RNA using M-MulV reverse
transcriptase (Fermentas) and oligo (dT)18 primer according
to the instructions of the manufacturer. Synthesized cDNA
was amplified using Fast Start Taq-polymerase (Roche) and
primers specific for mouse a1, a2, a10, or a11 integrin
cDNA (Table 1).
PCR reactions included predenaturation at 95jC for 6
min, followed by 28 cycles of: 95jC, 30s; 55jC (for a1/a2)
or 65jC (for a10/a11 ), 45s; 72jC, 1 min; and final
extension at 72jC for 5 min. PCR products were visualized
in 2% agarose gels and photographed.
As positive controls for the PCR amplifications using
PDL cDNA, cDNA from SV40 immortalized a11 knockout
fibroblasts, wild-type embryonic fibroblasts, and chondro-
cyte cDNA, were used. Chondrocyte cDNAwas provided by
Andreas Olsson (Lund, Sweden).
Cell migration
Cell migration was assayed as described in Tiger et al.
(2001). Briefly, Transwell plates (Costar No. 3422) with apolycarbonate membrane (8 Am pores) separating the upper
and lower chambers were used. Membranes were coated
with bovine collagen type I (COHESION), chick collagen II,
V, and XI and human collagen III (provided by Dr. Klaus von
der Mark (Erlangen, Germany) or human plasma fibronectin
(provided by Dr. Staffan Johansson, Uppsala) all at 10Ag/ml
in PBS overnight at 4jC. Thirty thousand cells in 100
Al DMEM (Gibco) were added to the upper chamber and
DMEM (600 Al) to the lower. Where indicated, 10 ng/ml
PDGF-BB, PDGF-AA (kindly provided by Dr. C. Heldin,
Ludwig Institute of Cancer Research, Uppsala) or 10% FBS
was added to the lower or both chambers. Cells were allowed
to migrate for 4 h at 37jC in 5% CO2. After washing, the
cells were fixed in methanol for 10 min at room temperature
and then stained with Mayer’s Hematoxylin. Cells on the
upper surface of the membrane were removed and the
membranes were cut out and mounted on glass slides. Cells
that had migrated were quantified by counting the trans-
migrated cells on the whole surface of the membrane.
Immunoprecipitation and electrophoresis
Cell cultures were washed three times in DMEM medi-
um devoid of cysteine and methionine and metabolically
labeled overnight in the presence of 25 ACi/ml of 35S
methionine/cysteine (pro-Mix [35S] cell labeling mix;
Amersham Biosciences). Proteins were extracted from the
tissue culture dishes by the addition of 1 ml of solubiliza-
tion buffer (1% Triton X-100, 0.15 M NaCl, 20 mM Tris–
HCl pH 7.4, 1 mM MgCl2, 1 mM CaCl2) containing
protease inhibitors (Complete Mini, EDTA-free, Roche
Diagnostics). Solubilized proteins were centrifuged for 10
min at 15000  g. The centrifuged supernatant was
precleared by incubating with preimmune IgG 100 Ag/ml
and protein A-Sepharose CL 4B (Amersham Biosciences)
for 2 h. Following centrifugation, anti-integrin IgG was
incubated with the extract for 2 h. To detect integrins the
following antibodies were used: rabbit anti-rat h1 integrin
chain, hamster anti-a1 integrin (Ha31/8, Becton Dickinson
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a rabbit antibody to mouse a11. Specifically bound proteins
were recovered with protein A-Sepharose. The precipitate
was washed three times with buffer A (1% Triton X-100,
0.5 M NaCl, 20 mM Tris–HCl pH 7.4, 1 mM MgCl2, 1
mM CaCl2), three times with buffer B (0.1% Triton X-100,
0.15 M NaCl, 20 mM Tris–HCl pH 7.4, 1 mM MgCl2, 1
mM CaCl2) before solubilization in electrophoresis sample
buffer. Proteins were separated on 6% SDS-polyacrylamide
gels and processed for fluorography.
Western blotting
For Western blotting used to detect a11, confluent fibro-
blasts were washed in PBS and cells were scraped off the
plate and pelleted in an Eppendorf centrifuge. An equal
volume of solubilization buffer (1% Triton X-100, 0.15 M
NaCl, 0.02 M Tris–HCl pH 7.4, 1 mM MgCl2 and 1 mM
CaCl2 supplemented with protease inhibitors) was added,
cells were homogenized using an Eppendorf pistil in 1.5 mlFig. 1. Comparison of the amino acid sequence of the mouse a11 chain with the
nucleotide sequence (submitted with accession number: AY 124460) was aligned
amino acid sequence distinguishing a11 from other integrin alpha chains is markeEppendorf tubes and left on ice for 10 min. Unsolubilized
proteins were removed by centrifugation at 13,000  g,
protein concentration was determined using BCA Biorad kit,
and 50 Ag per lane was loaded onto a 6% SDS-PAGE gel.
Separated proteins were transferred to nitrocellulose in a
Trans-Blot cell (Bio-Rad). Nitrocellulose membranes were
incubated with rabbit anti mouse a 11 antibody (diluted
1:1000), followed by horse radish peroxidase (HRP)-cou-
pled goat anti-rabbit IgG (Santa Cruz Biotechnology) and
developed using the ECL system (Amersham).
For detection of phosphorylated PDGF receptors, 5 105
cells were seeded in 6 cm plates on collagen I, cultured for 24
h and starved overnight in DMEM plus 0.02% FCS. Cells
were stimulated with 20 ng/ml PDGF-BB or PDGF-AA at
different time points. Cells were washed and lysed in
solubilization buffer (0.05 M Tris–HCl pH 7.4, 0.15 M
NaCl, 5 mM EDTA, 1% Triton X-100, 2 mM NaF, 20 mM
Na3V04, 1 mM Na-pyrophosphate) supplemented with pro-
tease inhibitors (Complete mini, Roche Diagnostics). The
lysate was centrifuged and the supernatant was precleared forhuman a11 chain. The deduced amino acid sequence from the mouse a11
with the human a11 amino acid sequence. The I domain is boxed, the 22
d with a dashed box, and the predicted transmembrane region is underlined.
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Supernatants were incubated with 2 Ag PDGF-h receptor
antibody (sc-432, Santa Cruz Biotechnology) and protein A
Sepharose overnight at 4jC. After centrifugation, the super-
natant was used for a second immunoprecipitation using
PDGF a receptor antibody (Sc-431, Santa Cruz Biotechnol-
ogy). Sepharose beads were washed three times with solu-
bilization buffer and once with PBS. Sample buffer
containing h-mercaptoethanol was added to the beads and
the samples were boiled and loaded onto a 7.5% SDS-PAGE
gel. After transferring to a nitrocellulose membrane, samples
were blotted with anti-phosphoTyrosine antibodies (sc-700,
Santa Cruz Biotechnology) followed by HRP-conjugated
antibody( NA931 VAmersham) and developed using ECL.Fig. 2. Expression of a11 mRNA during mouse embryogenesis. (A, B) A
filter with mRNA isolated from mouse embryos at embryonic day (E) 7, 11,
15, and 17 was hybridized with probes for human a11 (panel A) and h-
actin (panel B). Note the high expression of a11 at E15. The h-actin probe
also detects the muscle-specific 1.8 kb a-actin message. (C, D) A separate
dot blot filter with mRNA from E7 to E17 was hybridized with a RNA
probe to mouse a11 (panel C) and a cDNA probe to h-actin (panel D). Note
that a signal for a11 is also detected at E7 and E11.Results
Characterization of mouse a11 cDNA
Immunological analysis with antibodies to the human a11
chain indicated a poor reactivity with the mouse orthologue
in immunohistochemistry and immunoprecipitation (data not
shown). To develop specific tools to study the a11 integrin in
mouse, we isolated full-length mouse a11 cDNA. Homology
PCR with primers based on the human sequence was
performed and an almost complete full-length sequence
was obtained except for the 5V and 3Vends. However, analysis
of two EST clones, one representing 5V sequence (Riken full-
length enriched, clone E3330013I08) and another containing
the 3V sequence (IMAGE: 5328256) resulted in the complete
coding sequence. The 5V EST clone was sequenced in its
entirety and found to extend from 5VUTR into nucleotide (nt)
3471 except for a 4 nt gap at nt position 1516–1519. The
missing nucleotides were identified by homology PCR as
AGAT. The sequence from the 3Vclone was used to design
PCR primers and to perform PCR to verify the sequence. The
sequence shown in Fig. 1 is compiled data originating from
the two EST clones. The 5V clone has thus been sequenced
and the 4 nt gap has been filled in. A major part of this
sequence was also verified by independent homology PCR
(data not shown). The sequence of the 3V clone was verified
by independent PCR and by sequencing of the PCR product.
Sequence analysis of the full-length mouse a11 cDNA
(Accession number AY:124460 submitted by us July 2002)
indicated an overall identity of 86% at the nucleotide level
with human a11 (data not shown), translating to 89% at the
amino acid level. In the I domain (Fig. 1), the sequence
identities were 91% and 97% at the nucleotide and amino
acid level, respectively. In the I domain, only four scattered
amino acids differed between the mouse and the human
predicted proteins. The region of 22 amino acids in the stalk
region, distinguishing a11 from other a-chains, showed
substitutions in three positions. In the cytoplasmic tail, 7
out of 24 amino acids differed between the human and
mouse proteins, probably explaining the lack of reactivityof antibodies raised against the human a11 cytoplasmic tail
with the mouse a11 protein. Antibodies were raised in
rabbits to the deduced amino acid sequence of the mouse
a11 cytoplasmic tail.
Expression of a11 integrin RNA levels
Commercial RNA filters containing RNA isolated from
mouse embryos at different embryonic days (E) were probed
with an a11-specific probe. In the Northern blots, a11
expression was barely seen at E11, but clearly detected at
E15 and E17, concomitant with the detection of the muscle-
specific actin isoform in embryos (Figs. 2A, B). Using an
RNA probe, a distinct signal was also seen at E7 in
commercial dot blots, indicating an early embryonic expres-
sion (Figs. 2C, D). Interestingly, both in the developmental
Northern and in the dot blots, high levels of transcripts were
seen at E15, followed by an apparent decline at E17. In a
multiple tissue Northern blot, the a11 cDNA probe only
Fig. 3. Localization of a11 mRNA during mouse embryogenesis. Sagittal sections of mouse embryos from E12.5 to E16.5 were subjected to in situ
hybridization using an antisense RNA probe specific for mouse a11. Darkfield images are shown in A–C. At E12.5 (A) a11 mRNA can be detected around
calvarian bone (clb), in craniofacial mesenchyme (cfm), around Meckel’s cartilage (mc), around hyoid bone (hb), around vertebrae (v), and around the ribs (r).
At E14.5 (B) a11 can also be detected in intervertebral discs (ivd) in the tail region and in tongue mesenchyme (tm). At E16.5 tendons and ligaments (lig) in the
hindlimb express high levels of a11 RNA (C).
Fig. 4. Localization of a11 protein at embryonic day 12.5. A sagittal section
from E12.5 was incubated with antibodies specific to mouse a11 protein and
subjected to indirect immunofluorescence. Two hundred fifty-six digital
images were fused to produce the picture. a11 protein was detected around
calvarial bone (clb), around vertebrae (v), in intervertebral discs (ivd), in-
testine (in), perichondrium around developing hip, around Meckels cartilage
(mc), around sternum (st), and around ribs (r). In the tongue (tg), the
mesenchyme expressed a11. The staining in subendothelial matrix in aorta is
non-specific and was also observed when the primary antibody was omitted.
S.N. Popova et al. / Developmental Biology 270 (2004) 427–442 433gave a weak signal in adult tissues, but the RNA probe gave
a distinct signal in heart, skeletal muscle, and uterus (data not
shown).
a11 mRNA localization during mouse embryogenesis
An antisense RNA probe was hybridized with sections
from embryonic days 12.5, 14.5, and 16.5 (Figs. 3A–C). As
controls, sections were hybridized with a sense probe.
In sagittal sections from E 12.5, high levels of a11 RNA
was transcribed in the craniofacial region including the
mesenchyme around forming teeth, mesenchymal cells in
the jaw, and in the nasal region. The condensed mesenchyme
around the forming flat bones also expressed high levels of
a11 RNA. Vertebrae, ribs, and foot cartilage were all
surrounded by a11 RNA-expressing cells (Figs. 3A). In a
sagittal section from E14.5, this expression is maintained
and, in addition, a11 RNA is visible in the intervertebral disc
and the tongue mesenchyme (Fig. 3B). At E 16.5, a11 RNA
also outlines the ligaments and tendons of the hind limbs
(Fig. 3C).
The in situ resolution is often too low to determine the
cellular origin of the mRNA signal. In summary, the data
show a mesenchymal expression of a11 RNA in areas of
teeth, cartilage, and bone formation and in forming tendons
and ligaments.
Immunohistochemical analysis of a11 integrin chain
expression
To further localize the a11 protein expression in
different tissues, we performed immunohistochemistry on
S.N. Popova et al. / Developmental434embryo sections with the antibodies raised to the mouse
a11 cytoplasmic tail. We initially focused on the sites
where we had observed a11 mRNA expression. Immuno-
histochemistry of embryonic sections largely confirmed
the in situ hybridization data. In Fig. 4, a11 protein is
detected in the perichondrium around forming cartilage
seen in ribs and sternum, in intervertebral discs, in
craniofacial mesenchyme, and in tongue mesenchyme.
The signal in aorta is non-specific and is also detected
when the primary antibody is omitted (data not shown).
The immunohistochemistry also revealed some additional
sites of specific a11 protein expression that are described
below.Fig. 5. Expression of collagen-binding integrins in mouse tooth. Integrin expressio
developing E16.5 incisor, a11 is strongly expressed in the periodontal ligament (pd
endothelium in the pulp (arrow). (B) a2 integrin chain is expressed in the pre-ame
in the periodontal ligament. (D) a10 protein is absent on cells in periodontal ligam
adult incisor pdl and RT-PCR was performed using primers specific for integrin a
to the ones used in the upper panel were applied using control cDNAs from embr
A–D represent 100 Am.a11 protein in the musculoskeletal system during mouse
embryogenesis
Craniofacial region
Some bones of the head and the clavicule are formed by
membranous ossification, whereas bones in the axial and
appendicular skeleton grow by endochondrial ossification
and involve cartilage formation. In the head, a11 reactivity
was found around both types of bone, that is, around the
condensing mesenchyme around the flat skull bones and in
the perichondrium, for example, around Meckels’ cartilage
(Fig. 4). a11 staining was also seen in fibroblast-like cells
throughout the mesenchyme in the lower and the upper jaw.
Biology 270 (2004) 427–442n was analyzed by immunohistochemistry (A–D) and RT-PCR (E). (A) In
l) and in pre-odontoblasts (pob) whereas a1 integrin is detected in capillary
loblasts (pab) and pre-odontoblasts. (C) PDGF a receptor is present on cells
ent. (E) RT-PCR of adult mouse pdl. Upper panel: RNAwas isolated from
1, a2, a10, and a11 cDNA. Lower panel: identical amplification conditions
yonic fibroblasts (a1, a2, a11) or mouse chondrocytes (a10). Scale bars in
Fig. 6. Immunohistochemical detection of a11 chain in intervertebral disc,
distal limb and skeletal muscle. Sagittal sections from an E14.5 mouse
embryo were incubated with antibodies to the mouse a11 chain and
processed for indirect immunofluorescence. Note expression of a11 in
fibroblasts in the annulus fibrosus of the intervertebral disc (vertebrae (v))
(A), in tendon and ligaments (lig) in the forming limb, and in perichondrium
(pc) (B), in tendons (tn) (C) connecting to skeletal muscle fibers (m) in
skeletal muscle (D) in skeletal muscle. In A, B, C, sections were subjected to
immunohistochemistry using a11 antibody. In D, an antibody to laminin h/g
chains was used to visualize basement membranes (bm). Scale bar in A
represent 50 Am; in B, 400 Am; and in C, D, 100 Am, respectively.
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cytes in cornea also stained positive (data not shown).
Closer analysis of the a11 expression in the jaws of E16.5
embryos showed a11 protein in the developing tooth,
particularly in the periodontal ligament (PDL) around form-
ing incisors (Figs. 5A–C). In both the incisors and molars, a
subset of pre-odontoblasts expressed a11 (Figs. 5A, B, and
data not shown). Comparison with the a1 and a2 integrin
chains, revealed a partially overlapping expression. a1
integrin was present in isolated cells identified as capillary
endothelial cells (non-overlapping with a11, Fig. 5A),
whereas a2 integrin was expressed in pre-ameloblasts
(non-overlapping with a11, Fig. 5B) and in pre-odontoblasts
(often overlapping with a11, data not shown). The cell
population expressing a11 also expressed PDGF a receptor
(Fig. 5C). Antibodies to a10 integrin failed to stain the PDL
(Fig. 5D) but strongly stained cartilage in the embryo (data
not shown). PDL fibroblasts thus express a11 as the only
collagen-binding integrin chain (Figs. 5A, B, D). Since
decalcification of adult tissues destroys the antigenic epito-
pes of the integrin antibodies used, we isolated RNA from
adult PDL and performed semiquantitative RT-PCR using
primers for the four collagen-binding integrins to evaluate
integrin expression in adult PDL. The results show that the
major collagen-binding integrin subunits transcribed in adult
PDL is a11, suggesting that the embryonic expression
pattern of collagen-binding integrins is also maintained in
the adult tissue.
Trunk and limbs
In the remaining part of the mouse embryos a11
expression showed a pattern reminiscent of that previously
seen in human embryos, including prominent a11 expres-
sion in the fibroblasts of the outer annulus fibrosus of the
intervertebral disc (Fig. 6A). As in human embryos, double
staining with a collagen II (CII) antibody showed that a11
expression did not overlap with that of CII (data not
shown). High a11 expression was also seen in perichon-
drial areas of developing cartilage in the limbs (Fig. 6B). In
skeletal muscle, a11 staining appeared high in developing
tendons (Fig. 6C), whereas the myotube sarcolemma was
devoid of a11 (Figs. 6C, D).
a11 integrin chain expression outside the skeletal system
Close examination of the major organs also revealed
expression in a subset of mesenchymal-looking cells in the
intestine and in the embryonic heart that had not been
previously observed.
Intestine
The a11 expression in the intestine appeared in clustered
mesenchymal cells in the villi underlying the basement
membrane (Fig. 7A). In postnatal intestine, these cells
become closely aligned along the intestinal basement mem-
brane. In contrast, the a1 integrin chain was expressedmainly in the smooth muscle layer (Fig. 7B). A subset of
PDGF a receptor-positive cells positioned in a similar
manner as the a11-positive cells has recently been termed
the villus cluster (Karlsson et al., 2000) raising the possi-
bility that the a11-positive cells are villus cluster fibroblasts.
In immunohistochemistry of E16.5 sections, only a subset of
cells expressing PDGF a-receptor expressed a11 (preferen-
tially clusters of cells in the forming villi) (Fig. 7C), whereas
integrin a2 chain was also expressed by mesenchymal cells
outside the forming villi (Fig. 7D). In the absence of PDGF-
AA, villus cluster fibroblasts fail to form properly, with
consequences for mesenchymal epithelial interactions lead-
ing to disorganized villi (Karlsson et al., 2000). To examine
if PDGF-AA directs a11 expression, we examined a11
expression in the postnatal intestine from PDGF A/
mice. a11 expression was largely absent in the intestine of
PDGF-A/ mice, but the remaining cells still displayed a
strong a11 protein expression (Figs. 7E–F). These data
further confirm that a11 is expressed in villus cluster
fibroblasts and suggest that PDGF-AA is not essential for
a11 expression.
Heart
In embryo sections from E12 and E14, we noted a11
expression in unidentified cells near the outflow tract. In this
region, endothelial cells transdifferentiate to form mesenchy-
mal cells in the so-called endocardial cushion tissue contrib-
uting to future septa and valves. A subset of neural crest cells
also contributes to the valves. To identify the a11-positive
Fig. 7. Expression of collagen-binding integrins in developing and postnatal intestine. Double immunofluorescence revealed that a11 is present in intestinal
villi adjacent to the basement membrane (bm) (A), a1 is expressed in the smooth muscle (sm) layer whereas a11 is expressed in mesenchymal cells in the villi
(arrow in B). In the villi, a11 is expressed in an overlapping pattern with a2 integrin (D) and the PDGF a receptor (C). In postnatal day 6 (P6) intestine, the
a11-expressing cells are closely apposed to the basement membrane (E), but in intestine from PDGF-A/ mice the villi are disorganized and few a11-
positive cells are detected (arrow in E). Scale bars in A, E, F represent 50 Am and in B, C, D 100 Am.
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tenascin-C and fibulin-2, which are known markers for the
endocardial cushion tissue in the forming heart (Zhang et al.,
1995, 1993). The a11 signal was closely associated with both
tenascin-C and fibulin-2 staining (data not shown), but not
with that of PDGF a receptors (data not shown), compatible
with the a11-positive cells being endocardial cushion mes-
enchymal cells. Interestingly, only a subset of the tenascin-C
or fibulin-2-positive cells expresseda11 (typically cells in the
core region of the cushions), indicating that not all endocar-
dial cushion tissue cells express the a11h1 integrin.
Adult tissues
Although we have not looked systematically at all adult
organs, our limited analysis shows that a11 expression
remains confined to a subset of mesodermal non-muscle
cells in various organs. To examine if a11 expression in the
perichondrium switches to cartilage and bone during matu-
ration of bone, we analyzed a11 in postnatal sections from 3-week-old limbs. a11 expression persisted in the perichon-
drium and periosteum but a11 was not expressed in cartilage
or bone itself. Interestingly, high levels of a11 were noted on
cells in the ossification groove of Ranvier (data not shown)
(Langenskiold, 1998), a structure that contributes progenitor
cells to the growing cartilage growth plate.
In summary, the immunohistochemical data reveal ex-
pression of a11 in previously unknown sites such as the
tooth mesenchyme, endocardial cushion tissue cells, and
intestinal villus cluster fibroblasts. a11 expression thus
demarcates a cell population of mesenchymal cells that often
also express the a2 integrin chain and the PDGF a receptor.
a11b1 integrin and PDGF in cell migration
Using C2C12 cells transfected with a11 cDNA, we have
previously shown that a11h1 can direct cell migration in a
PDGF BB-dependent manner (Tiger et al., 2001). To deter-
mine if a similar mechanism is used by embryonic fibro-
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cient embryonic fibroblasts. The presence of a11 protein on
wild-type cells and the complete lack of a11 in fibroblasts
isolated from a11-deficient embryos was confirmed by
Western blotting using the newly raised antibodies to mouse
a11 (Fig. 8A). Immunoprecipitation data showed that a1 and
a2 integrin levels were similar in wild-type and knockout
cells, and that the distinguishing feature of these cells was the
presence or absence of a11 integrin chain (Fig. 8B). To
determine which PDGF receptor subunits are phosphorylat-
ed in these cells upon stimulation with PDGF-BB, cells
seeded on collagen I were stimulated with PDGF-BB forFig. 8. a11h1 attenuated cell migration on collagens. (A) Lack of a11 protein in cu
proteins from wild-type and a11 knockout embryonic fibroblasts were separated on
the mouse a11 protein. Note the absence of 155 kDa a11 band in knockout cells. (B
(WT) and a11-knockout (KO) fibroblasts were metabolically labeled and immuno
integrin chains. Note the absence of a11 integrin band in KO cells and presence of a
mouse embryonic fibroblasts. Mouse embryo fibroblasts plated on collagen I were
times. PDGF a receptor/PDGF h receptor tyrosine phosphorylation was monitored
h receptor in response to PDGF-BB compared with a receptor. (D) Increased m
migration in mouse embryonic fibroblasts. Wild-type (grey bars) and a11 knockou
to migrate through them in (i) the absence of stimulating factors (0/0), (ii) in the p
gradient of PDGF-AA (10 ng/ml in the lower chamber), (iv) with PDGF-AA on bot
of PDGF-BB (10 ng/ml in the lower chamber), and (vi) with PDGF-BB on bot
representative experiment performed with duplicate samples are shown. Each sca
standard deviation between both of them. (E) Cell migration on different collagen t
on fibronectin (FN), collagen I (COL I), collagen II (COL II), collagen III (COL III)
to migrate through them) towards a gradient of PDGF-BB (10 ng/ml in the lower ch
samples are shown. Each bar represents the mean of two membranes with error bdifferent times and PDGF-a receptor and PDGF-h receptor
phosphorylations was analyzed. Mainly, PDGF-h receptor
was activated in the cells upon PDGF-BB addition, although
some phosphorylated PDGF-a receptor was also detected
(Fig. 8C).
Chemotaxis of wild-type embryonic fibroblasts was stim-
ulated by 10% FBS and PDGF-BB but not PDGF-AA.
Interestingly, a11-deficient fibroblasts reproducibly migrat-
ed better on collagen I in response to 10% FBS and 10 ng/ml
of PDGF-BB when compared to wild-type fibroblasts (Fig.
8D). A general increase in cell motility was also observed in
the a11-deficient cells even in the absence of a PDGF-BBltured fibroblasts isolated from a11-deficient embryos. Triton X-100 soluble
SDS-PAGE and analyzed by Western blotting with an antibody specific for
) Lack of compensation by other integrins in a11-deficient cells. Wild-type
precipitated with pre-immune serum (PI), antibodies to h1, a1, a2, and a11
1 and a2 chains in WTand KO cells. (C) PDGF receptor phosphorylation in
starved overnight and stimulated with PDGF-BB or PDGF-AA for different
using a phosphotyrosine-specific antibody. Note stronger phosphorylation of
igration of a11 knockout fibroblasts on collagen I. a11h1-mediated cell
t (black bars) cells were placed on collagen I-coated membranes and allowed
resence of FCS 10% in the lower chamber (0/10 FCS 10%), (iii) towards a
h sides of the membrane (10 ng/ml in both chambers), (v) towards a gradient
h sides of the membrane (10 ng/ml in both chambers). Results from one
le bar represents the mean of two membranes with error bars showing the
ypes. Wild-type (grey bars) and a11 knockout (black bars) cells were placed
, collagen V (COLV), collagen XI (COL XI)-coated membranes and allowed
amber. Results from one representative experiment performed with duplicate
ars showing the standard deviation between both of them.
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applied to different collagen types, cells were allowed to
migrate across filters coated with fibronectin, the fibrillar
collagens I, II, III, V, and XI or the basement membrane
collagen IV (data not shown) in the presence of PDGF-BB
(Fig. 8E). Cell migration on fibronectin was unaffected by
the presence or absence of a11h1 integrin whereas cell
migration on collagens I, II, III, and V was increased in
the absence of a11h1. The migration experiment was re-
peated more than three times for collagen I and at least two
times with the other collagens, using cells from different
embryonic isolates.Discussion
With the appearance of vertebrates, new cell types appear
with specialized functions in vertebrate-specific structures.
In vertebrates, one such cell type is the neural crest cell,
which in the head, differentiates into mesenchymal cells
required for the formation of tooth and cranial structures
(Chai et al., 2000; Mazet and Shimeld, 2002; Palmer and
Lubbock, 1995). A variety of mesodermal progenitor cells
differentiate to osteoblasts, chondrocytes, and different kinds
of fibroblasts needed for the formation of a functional
endoskeleton. Major components of the endoskeleton are
collagens. In vertebrates, fibrillar collagens have evolved to
become the major structural components of bone, cartilage,
teeth, tendons, and a variety of tissue-specific interstitial
matrices (Boot-Handford and Tuckwell, 2003). Concomitant
with the formation of an endoskeleton, the integrin family
has expanded to include collagen-binding integrins (Hynes
and Zhao, 2000).
Analysis of human and mouse genomes have revealed
that the total number of integrins in vertebrates is most likely
24 and that, with the exception of a1h1, a2h1, a10h1, and
a11h1, no other collagen-binding integrins exist (Gullberg
and Lundgren-A˚kerlund, 2002).
Whereas the expression and function of a1h1 and a2h1
integrins have been intensively studied, substantially less is
known about the two most recent additions to the integrin
family—a10h1 and a11h1.
We have previously described the distribution of the a11
protein and a11 mRNA in a limited series of sagittal sections
from intact human embryos (Tiger et al., 2001). In the axial
and appendicular skeleton, analysis of a11 expression indi-
cated a mesenchymal expression overlapping with the tran-
scription factor scleraxis (Brown et al., 1999; Schweitzer et
al., 2001). We also noted a strong a11 expression in the head
mesenchyme. Furthermore, the a10 and a11 integrin chains
are expressed in a complementary expression pattern in the
developing skeletal system (Gullberg and Lundgren-A˚ker-
lund, 2002). Based on earlier data from our group showing
that PDGF-BB can stimulate a11h1-mediated migration in a
cultured cell line (Tiger et al., 2001), we wanted to investi-
gate the possibility that PDGF and a11h1 can cooperateduring embryogenesis. For this purpose, we turned to mouse,
with the availability of embryonic material of different ages,
as well as offering genetic models to study the PDGF and
a11h1 integrin function.
Conserved mouse a11 structure and expression
Analysis of mouse a11 cDNA showed a high degree of
conservation comparable to that for other integrins with
respect to the I domain and the cytoplasmic tail. Based on
the conserved amino acids in the cytoplasmic tail, it should
now be possible to identify the amino acids that are
important for a11-specific signaling. The high degree of
conservation in the 20 out of 22 amino acids of the cysteine-
looped insert, unique to a11 and present in a region
corresponding to the calf-1 domain, indicates that this region
might have an important function. The high degree of
conservation also extends to non-coding regions of the gene
in the proximal promoter (Gullberg, D and Lu, N. unpub-
lished observation). We are currently identifying the ele-
ments that direct a11 expression to ectomesenchyme and
mesodermal cells.
In addition to a conserved structure, the a11 mRNA and
protein expression in human (Tiger et al., 2001) and mouse
embryos shows a striking conservation. In both species, a11
is highly expressed in the cranial mesenchyme in the
perichondrium surrounding ribs and vertebrae. The PDGF
a receptor is widely expressed in mesenchyme and in this
study served as a marker for mesenchymal cells. Interest-
ingly, PDGF a receptor expressed in cranial mesenchyme
has been suggested to affect cell adhesion in various cell
populations (Tallquist and Soriano, 2003).
The expression of a11 in the perichondrium/periosteum
and in the ossification groove indicates that a11 could be
important in the process of recruiting mesenchymal precur-
sor cells to the forming bone/skeleton. a11 and PDGF a
receptor overlap in their expression in most tissues such as
perichondrium around the ribs and in the intestinal villus
cluster. However, in two sets of mesenchymal cells that
express a11, very little PDGF a receptor expression is
observed. These cells are the fibroblasts in the outer annulus
fibrosis and the mesenchymal cells in the endocardial cush-
ion tissue (data not shown).
a11 is strongly expressed throughout tendons and liga-
ments, particularly in the older embryos and not just at the
tendon endpoints. In these cells, the expression is over-
lapping with that of the transcription factor scleraxis.
(Schweitzer et al., 2001). Scleraxis binds to E-boxes and
the human a11 promoter contains several E-boxes (Zhang et
al., 2002). The expression of scleraxis around ribs probably
occurs at sites of tendon insertions and to a lesser degree in
precursor cells that will end up in the cartilage/bone. It is
unclear at this stage which cell population in the perichon-
drium/periosteum expresses a11. Ongoing studies with
scleraxis-deficient tendons are being used to address this
issue (R. Schweitzer personal communication).
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Overexpression of a11h1 integrin endows C2C12 cells in
vitro with a capacity to respond chemotactically to PDGF-
BB stimuli on collagen I (Tiger et al., 2001).
In the current study, where we tested cell migration of
embryonic fibroblasts expressing, or lacking a11h1, we
found that cell migration on collagen in response to 10%
fetal bovine serum or PDGF-BB was more efficient in the
absence of a11h1.
Embryonic fibroblasts express a1h1, a2h1 (Gardner et
al., 1996), and a11h1 integrins (Figs. 8A, B) and adhere
well to collagen I. The unidentified collagen-binding integ-
rin-mediating fibroblast adhesion to collagen I in the ab-
sence of functional a1h1 and a2h1 (Gardner et al., 1996) is
thus most likely a11h1. a11h1-deficient fibroblasts adhere
less efficiently to collagen I (unpublished results), but
migrate better on collagen I (this study). Strong binding to
ligands via multiple adhesion receptors thus favors adhe-
sion, whereas less avid binding is more favorable for cell
migration. This principle has been shown for many cell
adhesion systems. With the availability of conditional inac-
tivation of integrin genes, chimeric mice, and the use of
viral vectors expressing anti-sense constructs, it is becoming
increasingly feasible to study the effects of integrin deple-
tion on cell migration in vivo. A variety of h1 integrin-
deficient cells such as embryonic stem cells, hematopoietic
stem cells, and keratinocytes all show impaired cell migra-
tion (Fassler et al., 1995; Grose et al., 2002; Hirsch et al.,
1996). Decreasing the levels of the a4 integrin chain in
pericardial cells by adenoviral delivery of anti-sense con-
structs leads to an increase in cell migration and failure of
a4-deficient cells to contribute to the endocardium (Dett-
man et al., 2003). In a similar manner, a8 integrin-deficient
mesangial cells migrate better on fibronectin than wild-type
cells (Bieritz et al., 2003). Whereas the wild-type mesangial
cells express three different receptors for fibronectin, the
a8 integrin-deficient cells express one fibronectin receptor
less and because this adhere poorly but migrate better on
fibronectin.
In our earlier results, where we observed that a11h1
conferred the capacity to migrate on collagen, we used the
mouse satellite C2C12 cell line. C2C12 cells lack detectable
levels of the known collagen receptors a1h1, a2h1, a10h1,
and a11h1 and fail to adhere to collagen I. In this cellular
context, we could show that when C2C12 cells were trans-
fected with either a2 or a11 integrin cDNA, they acquired
the capacity to migrate on collagen I (Tiger et al., 2001).
Our current results stress the importance of analyzing the
migratory effect of a particular collagen-binding integrin in a
cellular context.
In mesenchymal cells surrounded by a collagen matrix
and utilizing only a11h1 as their integrin collagen receptor,
such as periodontal ligament fibroblasts and intervertebral
disc fibroblasts, removal of the only collagen receptor will
most likely decrease the cell migratory and collagen remod-
S.N. Popova et al. / Developmulatory capacity of these cells. However, in other cells, such
as the embryonic fibroblasts used in the present study that
express multiple collagen receptors, we have shown that
removal of one collagen receptor instead stimulates cell
migration on a collagen matrix. It is also likely that the
alteration in cell migratory properties will have different
effects depending on when the integrin is required during
embryogenesis. The potentiating effect of a specific integrin
on cell migration in cells expressing multiple receptors with
the same ligand specificity is also influenced by their distinct
signaling capacities.
The fact that the a11h1-deficient fibroblasts still migrate
in response to PDGF indicates that other collagen receptors
in the mouse fibroblasts also respond to PDGF. Previous
work have shown that a2h1 integrin is regulated by PDGF-
BB (Ahlen and Rubin, 1994; Nesbit et al., 2001; Xu and
Clark, 1996; Xu et al., 1996), and that a2h1 can mediate
PDGF-BB stimulated chemotaxis on collagen I (Tiger et al.,
2001). Analysis of integrin levels in the EFs used in this
study indicate that a2h1 levels are low whereas a1h1 levels
are high. It is thus possible that a1h1 is the pro-migratory
collagen-binding integrin in the absence of a11h1. The
cooperation between a11h1 and PDGF receptors in promot-
ing cell migration needs to be analyzed in cells containing
a11h1 as their only collagen receptor.
There are several ways that growth factor receptors and
integrins can interact (i.e., cross-talk) to influence embryonic
development. It is possible that the levels and or activity of
the a11 integrin chain are regulated by PDGF signaling, in a
manner similar to what has been reported for the a2 integrin
chain (Ahlen and Rubin, 1994; Nesbit et al., 2001; Xu and
Clark, 1997; Xu et al., 1996).
One site of overlap between PDGF a receptor and a11
expression is in the intestinal villus cluster, raising the
possibility PDGF-AA could regulate the levels of a11
integrin chain in these cells. In the absence of PDGF-AA
signaling, the villus cluster is malformed and the number of
mesenchymal villus cells is reduced (Karlsson et al., 2000).
The fact that we have observed a reduced number of a11-
positive cells in PDGF-AA/ intestines, characterized by
reduced and abnormal villus clusters, strongly suggests that
a11 is indeed expressed in villus cluster fibroblasts in the
intestine. a11 is thus a valuable cell surface marker for these
cells. The observation that a11 is still expressed in normal
levels on remaining mesenchymal cells in the villus cluster in
the absence of PDGF-AA indicates that a11 expression in
the intestine is not dependent on PDGF-AA, per se. The lack
of regulation of a11 by PDGF-AA is further supported by
unchanged levels of a11 in other tissues from the PDGF-
AA/ animals such as perichondrium (data not shown).
Careful analysis of the role of PDGF in ectomesenchyme
formation shows that in the absence of PDGF a receptor,
Patch mice display reduced levels of the matrix metallopro-
teinase MMP-2, supporting a role of matrix remodeling as a
downstream effect of PDGF (Robbins et al., 1999). Interest-
ingly, MMPs have been shown to interact with integrins, and
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remodeling events (Brooks et al., 1996; Dumin et al., 2001;
Ravanti et al., 1999; Riikonen et al., 1995). When we
analyzed the ability of PDGF-BB to phosphorylate PDGF
receptors in the embryonic fibroblasts, both the PDGF-a
PDGF-h receptors were activated although the activation of
the PDGF-a receptors appeared to be weaker. Thus, it is
possible that signaling from both the PDGF-a and the -h
receptors mediate chemotaxis in response to PDGF-BB on
collagens. As an alternative to alterations in integrin and
MMP levels as an effect of PDGF, it is possible that PDGF
receptor-derived signals and a11h1-integrin-mediated sig-
nals might cooperate to generate signals modulating cell
proliferation and/or cell migration. It is an attractive hypoth-
esis that PDGF signals converge with those of a11h1 in, for
example, villus cluster cells and periodontal ligament fibro-
blasts. Accumulating evidence indicate a cooperativity of
integrins and PDGF receptors in cell signaling (Baron et al.,
2002, 2003; DeMali et al., 1999; Ding et al., 2003; Hauck et
al., 2000; Schneller et al., 1997). In a recent publication,
integrin-dependent chemotaxis of human dermal fibroblasts
in response to PDGF-BB on collagen I was demonstrated to
depend on both positive and negative signaling resulting in
ERK 1/2, p38, and JNK signals influencing cell migration
(Li et al., 2004). In this context, it is possible that altered
signaling might in part be responsible for altered cell
migration in a11 knockout cells compared with the wild-
type cells. It will also be interesting to determine if integrin
affinity is changed by PDGF-BB, that is, inside-out signaling
as has been reported for avh3 integrin and PDGF a receptor
(Baron et al., 2002), and also to what extent the different
collagen-binding integrins might be differentially regulated
in this regard. We are currently trying to determine the
mechanism whereby PDGF-BB stimulates chemotaxis in
embryonic fibroblast cells with different set-ups of collagen
receptors.
In summary, our data show that a11 is expressed in a
subset of embryonic mesenchymal cells, which in most
cases also express a2 integrin chains. The cells expressing
the a11 integrin chain include craniofacial neural crest cells
associated with the formation of teeth, perichondrial cells
around forming cartilage, intervertebral disc cells, and
intestinal villus cluster cells. In some of these cells,
a11h1 is the only collagen receptor (i.e., periodontal
ligament fibroblasts and intervertebral disc fibroblasts)
but in most cells, a11 is co-expressed with a2 integrin
chain (i.e., tendon fibroblasts, perichondrial cells and
intestinal villus cluster fibroblasts). We postulate that cells
with only one collagen receptor display a more migratory
phenotype, whereas cells with multiple receptors are likely
to form more stable adhesions to collagen. It will be
important to analyze to what extent a11h1 integrin func-
tion is essential for mesenchymal tissue morphogenesis in
the context of the other collagen receptors and to what
extent cell migration is important for a11h1 integrin
function in vivo.Acknowledgments
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